After growth in the absence of nitrogenous oxides under anaerobic phototrophic conditions, several strains of Rhodopseudomonas capsulata were 'shown to possess a nitrous oxide reductase activity. The enzyme responsible for this activity had a periplasmic location and resembled a nitrous oxide reductase purified from Pseud/omonas perfectomarinus. Electron flow to nitrous oxide reductase was coupled to generation of a membrane potential and inhibited by rotenone but not antimycin. It is suggested that electron flow to nitrous oxide reductase branches at the level of ubiquinone from the previously characterized electron transfer components of R. capsulata. This pathway of electron transport could include cytochrome c', a component hitherto without a recognized function. R. capsulata grew under dark anaerobic conditions in the presence of malate as carbon source and nitrous oxide as electron acceptor. This confirms that nitrous oxide respiration is linked to ATP synthesis. Phototrophically and anaerobically grown cultures of nondenitrifying strains of Rhodopseudomonas sphqeroides, Rhodopseudomonas palustris, and Rhodospirilum rubrum also possessed nitrous oxide reductase activity.
rubrum, R. capsulata, R. sphaeroides, and R. palustris was measured as described by Clayton (7) . The protein content of intact cells was determined by the method of Lowry et al. (19) . Cells were boiled in 1 M NaOH for 10 min before the protein determination.
Cytoplasmic membrane potentials (Ai) in R. capsulata N22 and N22DNAR' were measured from the absorption band shift in the endogenous carotenoid pigments as described by McEwan et al. (24) .
Absorption spectra were obtained with a Kontron Uvikon 810 spectrophotometer. Dual wavelength spectrophotometric measurements were made with a Perkin-Elmer 356 instrument.
Sodium dodecyl sulfate linear acrylamide gradient gels were run With the discontinuous buffer system of Laemmli (17) modified by the method of Douglas and l3utow (10) . Protein standards of molecular-weight range 14,300 to 116,000 were from Sigma Chemical Co. Molecular weights were calculated from sodium dodecyl sulfate-polyacrylamide gel electrophoresis by the method of Lambin (18) . N20 solutions were prepared by gassing an argon-sparged solution of 10 mM sodium phosphate (pH 7) for 15 min with N20. The N20 solution was stored on ice in an airtight Hungate tube, and its concentration was taken to be 58 mM (2). An acetylene solution was prepared by the same procedure. At 0°C, the concentration of acetylene in solution is 76 mM (2). N2O reduction by cells was measured in a Hansatech-type or Rank-type Clark electrode with a silver cathode as described by Alefounder and Ferguson (2). N20 reductase activity of fractionated periplasmic proteins was determined from the N20-dependent rate of oxidation of dithionite-reduced methyl viologen essentially as described by Kristjansson and Hollocher (16) .
Cytochrome c' and N20 reductase were obtained from a 20-liter culture of R. capsulata N22DNAR+ that was grown for 24 h. The cells were harvested at mid-exponential phase of growth (A650 = 0.7), and a periplasmic fraction was released by treatment with lysozyme as described by McEwan et al. (25) . This periplasmic fraction did not contain detectable malate dehydrogenase, a cytoplasmic marker. Contaminating patticulate material was removed by centrifugation twice at 26,000 x g for 30 min at 4°C, and phenylmethylsulfonyl fluoride was added to 0.1 mM. The periplasmic fraction (760 ml) was pumped at a rate of 40 ml h-1 onto a DEAE-Sepharose CL-6B column (gel bed, 0.8 by 12 cm) that had been preequilibrated with 20 mM Tris hydrochloride (pH 8.0). The colunMn was washed with 30 ml of 20 mM Tris hydrochloride (pHl 8.0). A solution of 30 ml of 20 mM Tris hydrochloride-80 mM NaCl (pH 8.0) was then applied to the column, followed by a linear gradient from 80 to 300 mM NaCl in 600 ml of 20 mM Tris hydrochloride (pH 8.0). Fractions (7 ml) were collected. The second fraction collected after the step increase in NaCl concentration had a visible absorption spectrum similar to that reported by Bartsch (4) for cytochrome c'. After elution with the linear gradient of fractions up to number 45, material still bound to the column was blue colored. This material was eluted at higher applied concentrations (200 to 220 mM) of NaCl and collected in fractions 50 to 55. It was found to possess N20 reductase activity and to be free of periplasmic nitrate and TMAO reductase. This preparation of N20 reductase was used without further purification.
The cytochrome c' obtained by the above procedure was further purified by dialysis against 20 mM Tris hydrochloride (pH 8), followed by chromatography with the abovementioned DEAE-Sepharose CL-6B column that had been equilibrated with 20 mM Tris hydrochloride (pH 8.0). A 40 to 100 mM NaCl gradient in 20 mM Tris hydrochloride (pH 8.0) was used to develop the column. Material eluting upon application of approximately 60 mM NaCl had absorption spectra identical to those published for cytochrome c' (4) under both oxidizing and reducing conditions. Examination of this material by lithium dodecyl sulfate-polyacrylamnide gel electrophoresis at 4°C showed that the major polypeptide stained for heme and had a molecular weight of 14,000, in agreement with previous estimates for the subunit molecular weight of cytochrome c' from R. capsulata (4) .
The protonophore 2',5-dichloro-3-t-butyl-4'-nitrososalicylanilide (S13) was a gift from P. John, University of Reading, United Kingdom.
RESULTS
Nitrous oxide reduction by intact cells of R. capsulata. Figure 1 shows that when washed cells of R. capsulata N22, a green mutant derived from the wild-type strain St. Louis, were added to growth medium under dark conditions, there was a period of aerobic respiration that was recorded with a Clark-type electrode that detects 02 and N20 (2). Upon exhaustion of dissolved oxygen, N20 was added. N20 was reduced at a rate (Table 1) that was slightly faster than the maximum rate of oxygen reduction (64 nmol of 0 mg of protein-1 min-'). A short period of illumination strongly but incompletely inhibited N20 reduction (Fig. 1) . Addition of the protonophore S13 slightly stimulated N20 reduction and prevented the inhibition of N20 respiration by light. The proton motive force generated during photosynthetic electron transport has been shown to inhibit electron transport pathways to either oxygen or nitrate (9, 21, 22) . In these cases, the proton motive force generated by light-driven electron transport was sufficiently large to exert a thermodynamic backpressure on the proton-translocating respiratory pathways of electron flow. A similar explanation would account for the inhibition of nitrous oxide reduction by light and its relief by the protonophore S13, provided that the electron flow to N20 is linked to proton translocation. Figure  2 shows that addition of N20 to a dark anaerobic suspension of R. capsulata resulted in the generation of a membrane potential as judged by the uncoupler-sensitive change in the absorption spectrum of the endogenous carotehoids. Thus, electron flow to N20 was coupled to proton translocation across the cytoplasmic membrane. Also shown in Fig. 2 are the carotenoid band shifts which were observed during illumination or during a period of aerobic respiration. The carotenoid absorption changes can be taken as linear indicators of the magnitude of the A/ generated (33) . Thus, during illumination, oxygenation or N20 reduction values of At were in the ratio 100:64:68 relative to the base line established after addition of a high concentration of uncoupler.
The data presented above show that R. capsulata N22 has a high N20 reductase activity and that the Aqi generated during electron flow to N20 was comparable in size to the A4I generated during aerobic respiration. This suggested that R. capsulata might be capable of anaerobic dark growth with N20 as terminal electron acceptor. Anaerobic dark growth of R. capsulata N22 was observed with malate as carbon source (Fig. 3) . The doubling time for cells growing exponentially under these conditions was 10 h, compared with the <4 h normally observed during phototrophic growth of this organism with malate as carbon source in RCV medium (N. P. J. Cotton and J. B. Jackson, unpublished observations). These observations show that electron transport to washed, and resuspended in RCV medium (pH 6.8). Cells (final bacteriochlorophyll concentration, 20 ,uM; bacteriochlorophyll-to-protein ratio was 70 nmol per mg) were added to a reaction chamber that was fitted with a silver cathode Clark-type electrode and thermostatted at 30°C by a water jacket. The rate of oxygen and N20 reduction was followed under dark conditions except when, as indicated, illumination was provided from a 150W quartz halogen lamp with filtering through one layer of Wratten 88A gelatin filter. S13 was added from a 2 mM stock solution in methanol. Because the silver cathode electrode is less sensitive to nitrous oxide than to oxygen, the amplification on the strip chart recorder was increased by a factor of 10 during the anaerobic period before addition of nitrous oxide.
N20 must be linked to oxidative phosphorylation. There was no growth under dark anaerobic conditions in the absence of added N20. Information concerning the pathway of electron flow to N20 was obtained by studying the effects of known inhibitors of electron transfer reactions in R. capsulata. Rotenone, an inhibitor of NADH-ubiquinone oxidoreductase, gave substantial inhibition of N20 reduction in strain N22 (Table  1 ). In contrast, antimycin A, an inhibitor of the ubiquinolcytochrome c2oxidoreductase in R. capsulata, had only a slight effect (Table 1) . Antimycin A is an effective inhibitor of photosynthetic electron transport in intact cells of R.
capsulata N22; at a concentration of 1 p,M it produced greater than 85% inhibition of the rate of cyclic electron transport (J. F. Myatt and J. B. Jackson, unpublished observations). The same concentration of antimycin, added to an equivalent quantity of cells grown under identical conditions, only reduced the rate of electron flow to N20 by 18% (Table 1) . Thus, the relatively small inhibitory effect of antimycin upon N20 reduction cannot be attributed to a failure of this inhibitor to reach its specific site of action in cells but can be explained by the recognized secondary inhibitory effects of antimycin outside its site of action within the ubiquinol-cytochrome c2 oxidoreductase complex. In the nonphotosynthetic bacterium Paracoccus denitrificans, which is closely related to R. capsulata according to some criteria (13), N20 receives electrons from cytochrome c (2, 5). Hence, with most physiological substrates reduction of N20 by P. denitrificans is strongly inhibited by antimycin, and ascorbate plus N, N, N', N'-tetramethyl-p-phenylenediamine (TMPD) is a very effective electron donor, via cytochrome c, for N20 reduction (2). could be transferred to the pathway of electron flow leading to N20 reductase. The reduction of N20 was completely inhibited by addition of 1 mM acetylene, a known inhibitor of N20 reductases (34) .
Properties of nitrous oxide reductase. Only fractions 50 to 55 from the ion-exchange chromatography (see Materials and Methods) of R. capsulata periplasmic proteins contained N20 reductase activity. Examination by sodium dodecyl sulfate-polyacrylamide gel electrophoresis of a pool of these fractions revealed a single polypeptide of approximate molecular weight 76,000 (Fig. 4) . Heavier loading of a gel with 40 p.g of protein indicated very minor contamination by other polypeptides. The spectra of these pooled fractions under both reducing (dithionite present) and oxidizing (ferricyanide present) conditions are shown in Fig. 5 , together with a spectrum of the material as it was obtained, partially reduced, from the ion-exchange column. These spectra are identical to those recently reported by Zumft and Matsubara (39) for a protein isolated from Pseudomonas perfectomarinus which they concluded to be the N20 reductase of that bacterium.
The use of dithionite in conjunction with methyl viologen as the reductant for N20 reductase from R. capsulata resulted in a rapid loss of enzyme activity just as has been reported for the enzyme from Pseudomonas perfectomarinus (39) . This problem prevented the measurement of N20 reductase activity with precision, but the initial rate was of the order of 1 ,umol of N20 reduced min-' mg of protein-', which is similar to the activity reported by Kristjansson and Hollocher (16) and Snyder and Hollocher (30) for an N20 reductase preparation from P. denitrificans but greater than the activity reported by Zumft and Matsubara (39) for the enzyme from Pseudomonas perfectomarinus.
Evidence of a role for cytochrome c' in the electron transport pathway to nitrous oxide reductase. Cytochrome c' is an abundant protein in R. capsulata (4) and, as our data confirm, is located in the periplasmic space. A physiological role for cytochrome c' has never been established. The electron transfer pathway from ubiquinol to N20 reductase is uncharacterized but, as shown in Table 1 , does not apparently involve the antimycin-sensitive ubiquinolcytochrome c2 oxidoreductase. Hence, we tested whether cytochrome c' might have a role in the transfer of electrons to N20 reductase. Figure 6 shows that a sample of reduced cytochrome c' was oxidized upon addition of both N20 and N20 reductase. Oxidation did not occur upon addition of air-saturated water, N20 alone (Fig. 6 ), or N20 reductase alone (data not shown). The wavelength pair chosen (Fig. 6 ) corresponds to the largest difference in absorbance between the oxidized and reduced forms of cytochrome c'. Oxidation of reduced cytochrome c' by the combination of N20 and N20 reductase could also be observed by following the increase in A635, which is a characteristic absorbance maximum of the oxidized form. Indeed, addition of nitrous oxide and its reductase to reduced cytochrome c' resulted in the reappearance of the characteristic spectrum of oxidized cytochrome c' over the wavelength range 380 to 650 nm. Control experiments showed that there was no contribution to the spectral change from either dithionite (at the concentrations used in these experiments) or its oxidation products.
Is N20 reductase widespread among the family Rhodospirillaceae? The discovery of an N20 reductase activity in R. capsulata raised the question of whether other members of the Rhodospirillaceae have the same enzyme. We found that Rhodospirillum rubrum Si, R. sphaeroides 2.4.1, R. palustris PW5, and R. capsulata Kbl, a strain which is unrelated to strain N22, all possessed N20 reductase activity when grown under phototrophic conditions ( (Table 2) . In all cases, N20 reduction was inhibited during a period of illumination and completely blocked by 1 mM acetylene.
DISCUSSION
The data in this paper establish that nitrous oxide respiration is a characteristic of R. capsulata. With nonfermentable carbon sources, the extent and the rate of dark, anaerobic growth are considerably higher with N20 than with the previously recognized terminal electron acceptors TMAO and DMSO (29) and nitrate (A. G. McEwan, J. B. Jackson, and S. J. Ferguson, unpublished observations). In these cases, it has been suggested that the A* generated during TMAO and nitrate respiration might be capable of supporting only a very low rate of ATP synthesis (23, 25) . However, this is clearly not the case for N2O respiration. The A* generated during electron flow to N20 was comparable in size to the A* generated during aerobic respiration and was sufficient to support growth under anaerobic dark conditions. N20 respiration has usually been considered an exclusive property of denitrifying bacteria, although recent reports have shown that it may be more widespread (12) . From our results, it appears that several species of the Rhodospirillaceae are capable of N2O respiration. Only one strain of R. sphaeroides (27) and two strains of R. palustris (15) denitrifiers only because they lack dissimilatory nitrite reductase.
A striking feature of the present observations is that in R. capsulata N22 grown anaerobically and phototrophically in the absence of added nitrogenous oxides, the N20 reductase activity is greater than the oxidase activity. Furthermore, the laboratory strain of R. capsulata N22 which we used has never, to our knowledge, been exposed to nitrogenous oxides. Evidently, N20 reductase is constitutive for anaerobic growth conditions. It will be of value to determine in future work whether N20 reductase activity is enhanced by growth in the presence of N20 and depressed by aerobic growth.
Little is known of the electron transport pathways to N20 or the molecular nature of its terminal reductase. The N20 reductase from R. capsulata is shown here to be periplasmic and resemble the copper-containing N20 reductase from Pseudomonas perfectomarinus (39), although we estimate a higher subunit molecular weight (76,000 compared with 62,000). N20 reductase from P. denitrificans is also periplasmic (3, 6) but has been suggested (30) to be distinct from the enzyme identified in Pseudomonas perfectomarinus. The work with P. denitrificans has prompted consideration that the copper-containing protein identified in Pseudomonas perfectomarinus is not the N20 reductase (30) , but recent work has confirmed the association of N20 reductase with the copper protein from Pseudomonas perfectomarinus (38) . In view of the evidence in this paper that the antimycinsensitive ubiquinol-cytochrome c2 oxidoreductase of R. capsulata is not involved in electron flow to N20 reductase, whereas in P. denitrificans this electron flow pathway is clearly implicated (2, 5), it is possible that the molecular nature of N20 reductase differs between R. capsulata and P. denitrificans. The denitrifying strain of R. sphaeroides (27) resembles R. capsulata rather than P. denitrificans because electron flow to N20 is also insensitive to antimycin (K. Chohan and S. J. Ferguson, unpublished observations).
It is not only the insensitivity to inhibition by antimycin of N20 reduction that argues against a role for the ubiquinolcytochrome c2 oxidoreductase in N20 reduction but also the observation of light-dependent electron transfer from ascorbate via TMPD and cytochrome c2 to N20 reductase. This resembles the photooxidase activity observed in many of the Rhodospirillaceae (29) which is a light-dependent oxygen uptake in the presence of TMPD and ascorbate. In R. capsulata, this electron-transport pathway is believed to proceed via cytochrome c2 and the photosynthetic reaction center to ubiquinone and then through cytochrome b260 to oxygen (35) . Electron transport from ubiquinol to cytochrome b260 does not involve the ubiquinol-cytochrome C2 oxidoreductase (35) , and photooxidase activity is therefore antimycin insensitive. Light-driven electron transport from TMPD and ascorbate to N20 is catalyzed by a similar pathway to ubiquinone, followed by an antimycininsensitive and uncharacterized pathway of electron flow to nitrous oxide reductase.
The results of the experiment shown in Fig. 6 indicate that cytochrome c' is a component on the electron transport pathway to N20 reductase. This indication will require confirmation by identification of a physiological reductant for cytochrome c' and measurements of cytochrome c' oxidation when N20 is added to intact cells. Such measure-ments with cells would need to allow for the suggestion that cytochrome c' (midpoint potential at pH 7.0, 0 mV) when bound to the bacterial membrane has the spectroscopic characteristics of a b-type cytochrome (4) and thus could be the cytochromne bo (Ep,7.0 = 0 mV) of uncertain function that has been observed in chromatophores (37) . Although a physiological role for cytochromne c' has not been demonstrated previously, a function in electron transfer reactions is consistent with the identification of a possible binding site for an oxidoreductase within the high-resolution crystallographic structure of cytochrome c' (32) . The simplest interpretation of Fig. 6 is tlft cytochrome c' is the reductant for N20 reductase in R. oppsulata. This would contrast with P. denitrificans, in which cytochrome c (equivalent to cytochrome c2 in R. capsulata) is probably the reductant, and cytochrotne c' has not been reported. Such a difference in the reductants for the N20 reductases would be consistent with the possible distinction between the two reductases discussed earlier. The rate of N20 reduction in the dark was measured as described in the legend to Fig. 1. electron transfer to the periplasmic nitrate and TMAO reductases (23) (24) (25) (26) . Electron transport in R. capsulata is evidently more complex than has been realized from studies in chromatophores (36) .
The physiological role of respiratory electron flow in R. capsulata under anaerobic conditions is not certain. Although growth occurs under anaerobic dark conditions with N20, TMAO-DMSO, or NO3-as electron acceptors, in the case of TMAO-DMSO (29) and NO3-(A. G. McEwan, J. B. Jackson, and S. J. Ferguson, unpublished observations), significant growth requires the presence of fermentable carbon sources. The major energy-generating pathways in members of the Rhodospirillaceae are thought to involve photosynthetic electron transport and aerobic respiration. Thus, an additional physiological role for the pathways of anaerobic electron flow is worth considering. Photosynthetic electron transport in members of the Rhodospirillaceae operates as a closed cycle. In chromatophores, it is known that cyclic electron transport can function efficiently only at redox potentials at which a proportion of the early electron acceptors are oxidized (11) . Observations in intact cells suggest that redox buffering occurs to maintain these acceptors (quinones) close to the optimal redox poise for photosynthesis. In both Rhodospirillum rubrum (14) and R. capsulata (37) , there is evidence which suggests that antimycin-insensitive electron flow to oxygen via the cyanide-insensitive alternative oxidase fulfills this function and thus permits efficient photosynthesis. We suggest that antimycin-insensitive pathways of electron flow to N20, TMAO-DMSO, and NO3 may have a similar redox poising function under certain physiological conditions. Evidence for such a role will be reported in a forthcoming paper. 6 . Oxidation of reduced cytochrome c' by nitrous oxide in the presence of nitrous oxide reductase. Cytochrome c' (final concentration, 0.08 mg of protein ml-') was aded to 2.5 ml of argon-sponged Tris hydrochloride (pH 8) in a cuvette which was fitted with a stopper and stainless-steel entry ports to allow continuous gassing with argon and thus ensure anaerobiosis. The contents of the cuvette were stirred magnetically. Cytochrome c' was reduced by titration with a 25 mM solution of dithionite. Subsequent additions of air-saturated water, a saturated aqueous solution of nitrous oxide, and a solution of nitrous oxide reductase (1.9 mg of protein ml-') were made as shown. 
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